An experimental and numerical investigation was undertaken to characterise the collapse of 3D orthogonal woven carbon fibre composites during the load cases of in-plane tension, inplane compression and out-of-plane bending. Two different fibre architectures, varying only by the density of through-thickness reinforcement, were investigated. Cantilever beam tests were carried out to isolate two distinct collapse mechanisms, i.e. bending governed and shear governed deformation. A qualitative comparison was made with a similar UD-laminate material. 3D woven composites exhibited significantly reduced delamination. An investigation into the efficacy of an embedded element modelling strategy for in-plane tension, in-plane compression and out-of-plane bending load cases was undertaken. The predictions were generally in good agreement with the experimental measurements for the inplane and out-of-plane loading.
Introduction
Three-dimensional woven composites contain woven textile reinforcement with yarns orientated along the x-axis, the y-axis and the z-axis. They have a distinct advantage over two-dimensional fibre reinforced composites due to their enhanced inter-laminar and flexure properties. The in-plane response has been investigated at depth within the literature.
Prominent examples include the tensile properties [1] [2] [3] [4] [5] [6] [7] [8] , and the compressive properties [1, 9, 10] . However, the principle reasoning behind the addition of the through-thickness reinforcement is to improve the inter-laminar and out-of-plane bending properties of the composite.
The double cantilever beam (DCB) is an effective methodology for determining the Mode I inter-laminar fracture toughness of fibre reinforced composites. The DCB studies on 3D woven carbon/epoxy materials recorded increases in Mode I inter-laminar fracture toughness up to 15 times than that of a 2D carbon/epoxy laminate [11] and greatly increased strainenergy release rates of 3D composites in comparison to 2D composites [12] . This increase was attributed to crack-bridging and crack-diverting. Mode II inter-laminar fracture toughness is commonly measured via the end loaded split (ELS) [13] [14] [15] and three [16, 17] and four-point [15, 18] end notch flexure (3ENF and 4ENF) testing methodologies. ELF and 4ENF experiments undertaken upon 3D woven composites have suggested that there is a relatively greater role for the matrix in Mode II crack propagation in comparison to Mode I crack propagation, and therefore increases of binder density present a relatively lower increase in Mode II toughness. [15] .
The flexural properties of fibre reinforced composite materials are commonly investigated in two standard tests: three-point bending tests [1, [19] [20] [21] [22] [23] [24] , and four-point bending tests [23] [24] [25] [26] .
During three-point bending tests, stress concentrations have been reported to cause early-onset microcracking of the matrix and subsequent localised non-linearity [20] , potentially leading to catastrophic failure of the beam [27] . The load concentration of the three-point bending test leads to a combination of bending with shear stresses [27] , causing difficulty in the isolation of either one. Also, for composites with high levels of orthotropy, both a flexural and a twisting curvature is introduced throughout the beam length, which adds to the complication during three-point bending tests [28] . The four-point bending test is an attractive alternative as it induces pure bending stresses within the beam. However, due to rotation at loading rollers during four-point bending, the load span increases during the test, overestimations of flexural modulus are common if corrections are not made [25] .
Gerlach et al. [21] investigated the out-of-plane properties of a through-the-thickness angle interlock 3D woven carbon composite material with a three-point bending test and plate bending test. The results indicated that binder density influences delamination length, however, the tests were highly dependent on support conditions and loading roller geometry.
Zhang et al. [29] investigated a layer-to-layer orthogonal interlocked textile composite under three point bending, employing DIC to capture local increases in strain and microcracking.
However, due to the localised damage initiation experienced in textile composites, interpretation of a catastrophic failure event during a three-point bending test can be complicated by the asymmetric nature of the failure; damage could occur in either or both of the two arms of the beam. Damage could also occur under the loading roller, complicating damage progression analysis [30] . Liu et al. [31] applied a cantilever beam test procedure to Dyneema material. This method proved useful in simplifying the analysis of beam collapse under bending. The research presented here adopts the cantilever beam test in order to activate two distinct collapse mechanisms for 3D woven carbon/epoxy composite materials.
It then provides a clear analysis of the progression of the collapse event throughout the test 4 coupon. This is supplemented with further investigation into the two collapse modes via the use of the Finite Element (FE) method.
A common methodology in the numerical prediction of the stiffness and strength of woven composites is the FE analysis at a unit cell level [32] [33] [34] [35] [36] [37] [38] . Nagai et al. [32] used micromechanical FE analyses at the unit cell level in order to present a structural analysis model.
The unit cell, composing of fibre (beam) elements and matrix (beam and rod) elements, was imparted with an enforced displacement in order to extract the non-linear properties. These properties were then translated to homogenous solids for use in the structural analysis for tensile, compressive and shear mechanical behaviour up to failure. The structural analysis model was used exclusively for undulated fibre composites, and was validated through experiments. Huang et al. [37] conducted a 3D multi-unit cell FE simulation in order to investigate the compressive strength and failure mechanisms of woven textile composites.
They found that 16 unit cells gave good agreement to experimental results [37] . Kink band formation was determined as the main compressive strength limit factor [38] . Modelling at the representative volume element (RVE) level is an alternative to unit cell based modelling methodologies [39] [40] [41] . However, modelling at the RVE level has been known to exhibit reduced accuracy due to the lack of geometric detailing [39] .
The Binary Model [42] [43] [44] attempts to move away any assumptions of periodicity within the material. It was used for simulating relatively large, three-dimensional models of textile composites, whilst paying particular attention to the induced stochastic flaws introduced into the material during manufacturing. The model uses beam elements to represent fibre tows, which are then embedded within a solid effective medium that represents the matrix. The Binary Model can incorporate non-linearity in both the reinforcing tow and matrix easily, and was shown to reproduce well the qualitative features of stress-strain curves for uni-axial tests on a 3D woven angle interlock material. Readers are referred to [45] for a more comprehensive overview of modelling strategies for 3D woven composite materials.
The experimental component of this paper utilises uni-axial tension and compression tests and a cantilever beam bending test. By varying the length of beam during the cantilever beam test, two distinct collapse mechanisms experienced by orthogonal 3D woven composites during out-of-plane loading were isolated. Two different densities of orthogonal through-thethickness reinforcement were tested. The numerical method is developed as a viable finite element strategy for modelling full scale 3D woven composites test coupons. The FE model aims to be computationally efficient, utilising embedded shell elements representing the reinforcement tows within solid matrix elements.
3D woven composite material and in-plane tension/compression coupon tests
This study used 3D orthogonal woven carbon fibre reinforcements with two through-thethickness (TTT) binder densities. The two different fibre architectures are shown in Figure 1 .
The "Full TTT" material has a binder-to-warp-stack ratio of 1:1 (i.e. each binder tow being separated by one vertical stack of warp tows), while the "Half TTT" material has a binder-towarp-stack ratio of 1:2. Throughout this paper, the warp tow direction is referred to as the xdirection, the weft tow direction is referred to as the y-direction and the through-the-thickness direction is referred to as the z-direction. Microscopic images of the cured composite crosssections were used to measure the average values for the dimensions of the fibre architecture.
The average dimensions are presented in Figure 1 . Both materials contained an alternating stack of 9 weft layers and 8 warp layers giving a total thickness of 3.5 mm for the cured composite. The overall fibre volume fraction was 0.56 for the full TTT composites, and 0.55 for the half TTT composites. The carbon fibre tows were AKSACA A-38 with 6K filaments for warp and weft tows, and 3K filaments for binder tows. Epoxy resin was Gurit Prime 6 20LV, with the ratio of slow hardener to resin by weight as 26:100. Standard vacuum infusion technique was utilised for the resin injection. Further details of the composite material are presented by Turner et al. [46] . Quasi-static (2mm/min) uniaxial material coupon tests were conducted on the Full TTT 3D woven composites, in order to determine the in-plane mechanical properties under tension and compression. The in-plane tension and compression experimental procedure was identical to that presented by Turner et al. [46] , adopting EN ISO 527-4 methodology for tensile testing, and ASTM D3410/B for compression testing. Five repeat measurements were taken for tension and compression tests in warp and weft directions. The tensile and compressive tests in the ±45º orientation were performed in a way that warp and weft tows lay at ±45º to the loading axis. 
Cantilever beam test protocol

Finite element Analysis
A FE modelling strategy, used for the prediction of the in-plane and out-out-plane responses of the orthogonal 3D woven carbon fibre reinforced composite, will now be presented. The primary aims of the numerical calculations presented in the following sections are:
• To examine the efficacy of the embedded element modelling technique employing the constitutive models of Matzenmiller et al. [50] and Hashin [51] for fibre composites.
• To provide in-depth understanding of the experimental results.
FE model of orthogonal 3D woven composites
A three dimensional (3D) finite element analysis was conducted by using the explicit solver The constitutive models of Matzenmiller [50] and Hashin [51] for fibre composites were employed to capture the observed collapse modes of tows and TTT-reinforcement. Planestress elastic properties were employed for the tow and TTT reinforcement. As the stress state within the elements surpass the Hashin damage initiation criteria damage locus, four scalar damage variables, corresponding the four damage modes, are introduced to represent the 9 effects of the damage modes. Post initiation of damage, the response of the material is governed by 
The shear damage variable is used later in order to visualise the location of damage during finite element simulations of in-plane uni-axial coupon tests. It is useful as a "resultant" This simulates the traction-separation behaviour between them and allows the FE model to capture delamination at these locations. It is noted that it was at these locations that delamination occurred during experimental testing. An uncoupled quadratic maximum stress damage initiation criterion was used, and a linear softening law employed post damage initiation with the behaviour governed by the defined fracture energy. The values for the parameters of the cohesive law are presented in the supplementary data to this paper. A detailed description of the constitutive models with the finite element strategy, and of the derivation of the material properties, is presented in the supplementary data to this paper. In short, the majority of the material properties for the fibre reinforcement were calculated from uni-axial tension and compression tests, and the matrix material properties were taken from manufacturer's data and uni-axial coupon tests with the fibre reinforcement orientated at ±45º
to the loading axis. The values used for the material properties are also presented in the supplementary data to this paper.
Results and discussion
Collapse of coupons during in-plane tension and compression loading
Characteristic tensile and compressive stress-strain curves of the 3D woven carbon composite are presented in indicated elements which are fully damaged. The numerical calculation correctly predicts the "step" shape fracture surface, located between two neighbouring crimp positions.
Cantilever beam collapse mechanisms
In order to classify the collapse response of the beams, a set of experiments were conducted with cantilever beams of varying length loaded to failure. Through this, it was possible to identify two distinct collapse mechanisms, and the transition between them. 
Long cantilever beam bending collapse
As previously demonstrated, the collapse behaviour of the long cantilever beams is governed by bending deformation rather than by shear deformation. 
Short cantilever beam bending collapse
As previously demonstrated, the collapse behaviour of the short cantilever beams is governed by a shear dominated mechanism. Figure 10 However, due to the reasons mentioned before, the model is not able to capture the secondary increase in load resisted.
In order to investigate the damage mechanisms throughout the beam thickness, Cross sectional X-Ray µCT scans of the beam post-testing are presented in Figure 11 . Section a-a, a scan in between the binder position, demonstrates localised delamination, the length of which was bounded by the distance between TTT reinforcement tows. Section c-c, a scan also in between the binder position, did not demonstrate localised delamination, only tensile cracking. This highlights the heterogeneity and localisation of damage within the beam. At cross-sections located through the TTT reinforcement, for example scan b-b, no localised delamination was recorded. However, the tensile cracking was shown to be more pronounced at this location. These scans reveal localised, damage within the composite material. The short cantilever beam collapse response of a UD-laminate material is also presented in the supplementary data to this paper ( Figure S.2) . In short, delamination was recorded to propagate throughout the entire width of the UD-laminate composite beam, as opposed to the supressed, localised delamination of the 3D woven composite beams.
Concluding remarks
The collapse response of orthogonal 3D woven composites was investigated during in-plane tension and compression and out-of-plane bending load cases. The cantilever beam test has been shown to be effective in isolating the two collapse mechanisms of orthogonal 3D woven composite materials; bending dominated long beam tests, and shear dominated short beam tests.
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